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INTRODUCTION
Superplastic forming tools need to withstand high temperature cyclic loading and steady mechanical loading for extended durations and therefore are manufactured (by casting) from specialized alloys, but at the same time numerous additional geometrical complexities result from weight-saving constraints (due for example to weight limitations in industrial plant related to handling capacities) and ruling section requirements for casting. The cost of tool failure is significant and tool life is an important limiting aspect in the SPF process; the SPF process is a high value-added process, rather than a mass production process.
Large SPF tools mainly suffer from distortion due to thermal cycling and high temperature creep. Creep relaxation during forming induces inelastic deformation and distortion of the tool after cooling to the ambient [1] . Finite element (FE) based simulation of realistic thermo-mechanical conditions is an effective method for analysing realistic large SPF tool behaviour to predict the complex temperature-stressstrain cycles. However the choice of material behaviour models is important for FEbased life and performance (e.g. distortion) predictions.
A two-layer viscoplasticity material model is investigated here to analyse the thermo-mechanical behaviour of SPF tool made of 40% nickel and 20% chromium alloy (XN40F). The model combines the cyclic plasticity and creep via a partitioning of stress into elastic-viscous and elastic-plastic components in parallel with each other.
The time-independent cyclic plasticity is modelled using the Chaboche combined non-linear kinematic-isotropic hardening model and the time-dependent behaviour is captured using a power law creep model.
The cyclic plasticity material constitutive constants are identified from the tests across the range of relevant temperatures of 20 o C to 900 o C by varying the strainranges and the identification process is carried out for two different strain-rates, corresponding to predicted representative conditions for SPF dies. Power law creep constants for steady state secondary creep were identified from stress relaxation tests carried out at 500, 700 and 900˚C, although negligible creep occurred at 500˚C.
The material models and identified material constants are validated against the isothermal and thermo-mechanical fatigue and fatigue-creep tests.
MATERIAL TESTING
An Instron thermo-mechanical fatigue test rig is employed to carry out the high temperature material testing. The test machine uses a servo-electric dynamic loading system with induction coil heating to achieve the high temperatures required to simulate the die operating conditions. Figure 1 shows the fatigue specimen employed and the induction coil (at a temperature of 900°C) with the ceramic-rod extensometer in-situ to help effect strain control.
Temperature uniformity over the gauge length of ±10°C for 200°C to 900°C has been achieved using careful design of the induction coil and measurement using a number of contact thermocouples [2] . The specified heating and cooling rates of the test machine are 50±10 o C/sec and 25±10 o C/sec, respectively. Automated thermal strain compensation and Young's modulus determination to impose the target mechanical strain are implemented within the system according to the ASTM thermomechanical fatigue testing standard.
The SPF tool is cast from XN40F material (Aubert and Duval). The composition of XN40F tool material is given in Table 1 while the thermal properties   are given in Table 2 . Thermal properties such as thermal conductivity and specific heat at different temperatures are required to predict the thermal histories of the SPF tool.
Cyclic multiple strain range isothermal tests were carried out at temperatures of 20˚C, 500˚C, 700˚C and 900˚C for two strain rates, 510 -3 s -1 and 510 -4 s -1 , to characterise the temperature-dependent cyclic stress-strain behaviour of the XN40F alloy.
Lower strain-ranges were employed for the lower temperatures, consistent with anticipated relevant in-situ conditions. Table 4 summarises the complete test programme. Figure 2 shows the stabilized cyclic stress-strain curves obtained from the tests at different temperatures. Figure 3 shows the evolution of the stress-strain loops at 20, 500, 700 and 900˚C for the first 30 or so cycles at a strain range of 0.6%. For the at 20˚C, 500˚C
and 700˚C cases, cyclic hardening is observed with stabilization after 30 cycles.
Negligible cyclic hardening was observed at 900˚C, i.e. stabilization occurs on the first cycle.
In addition to cyclic tests, isothermal stress relaxation tests were carried out at 500, 700 and 900˚C to identify secondary creep constants, via a strain-hold of 0.15% strain in tension. No stress relaxation was observed for the 500˚C test. Figure 4 shows the measured stress relaxation during the strain hold period of 360 seconds for 700 and 900ºC temperatures. At 900ºC, the stress relaxed from 83 MPa to 9 MPa whereas at 700ºC stress relaxation occurred from 155 MPa to 72 MPa.
MATERIAL BEHAVIOUR MODELLING
The two-layer viscoplastic model [4, 5] was developed for modelling materials in which significant time dependent as well as time independent behaviour is observed which is generally the case for high temperature deformation. It is particularly intended for modelling material behaviour under loading fluctuations over a wide range of temperatures. Figure 5 shows a one dimensional rheological depiction of the model, which comprises an elastic-plastic network in parallel with an elastic-viscous (Maxwell model) network.
The elasto-plastic network predicts the time independent behaviour of the material whereas the elastic-viscous network predicts the time dependent behaviour of the material. In this model, the two mechanisms are assumed to be independent and therefore the total stress σ is decomposed into the stress p σ in the elastic-plastic network and the stress v σ in the elastic-viscous network.
In this paper, the two-layer model is temperature-dependent with a combined non-linear kinematic and isotropic hardening cyclic plasticity model for the timeindependent behaviour and a Norton power law (secondary creep) behaviour for the (time-dependent) viscoplastic behaviour. The Ziegler kinematic hardening law [6] is used to simulate the translation of the yield surface in the stress space, through the back stress, α.
The multiaxial equations for the two-layer viscoplastic model are defined as follows:
with the yield surface defined by:
where  0 is the current size of the yield surface and   
where dev α is the deviatoric part of the back stress and p S is the deviatoric (plastic) stress tensor. The plastic flow-rule is:
where p is the equivalent plastic strain rate defined as follows:
Cyclic hardening behaviour of the material is captured using an exponential law where the size of the yield surface 0  can be defined as a function of equivalent plastic strain, p, and temperature.
Here k is the size of the yield surface at zero plastic strain and  Q and b are material constants to be identified from cyclic stress-strain loops.
The evolution of the kinematic hardening component is given below. The size of the yield surface is a function of temperature T and the generalised Ziegler's rule for the an-isothermal case is given as
is the temperature-dependent hardening modulus of the isothermal uniaxial stress-strain response, p  σ , measured at different temperatures, C  is the rate of change of C with respect to temperature and p   is a recall term to introduce nonlinearity in the evolution law.
The steady state (secondary) creep behaviour is modelled using the Norton power-law as follows:
where A and n are temperature-dependent material constants, v ε  is the viscous creep strain rate and v S is the deviatoric viscous stress tensor.
As implemented in ABAQUS, a user-defined, temperature-dependent, parameter f is introduced to define the relative magnitudes of K V , the elastic modulus of elastic-viscous network, and K P +K V , the total instantaneous elastic modulus (assumed to equal E, Young's modulus), as follows:
However the f value here is identified by fitting the two layer model with the stress relaxation test data using identified creep constants from the tests.
IDENTIFICATION OF MATERIAL CONSTANTS
In total, the two-layer viscoplasticity model requires nine material constants over the range of temperatures 20˚C, 500˚C, 700˚C and 900˚C. The process of identification of these constants is complex. Consequently, the identification process is carried out in the following series of steps:
Step 1 -Initial estimate of NLKH constants: The material constant k for a particular temperature is determined as the mean of the individual k values for each strain range, which are readily estimated from the stabilised stress-strain loops. This is still only an initial estimate due to the fact that this step neglects the effect of isotropic hardening.
The ratio  C is determined as the asymptotic value of
corresponding to the saturated value of back stress. The coefficients C and  are the identified by fitting the following equation, which represents the NLKH relationship between cyclic stress and strain to the measured cyclic stress-strain data [5] : Figure 6 shows the identification of the coefficients C and  for the XN40F tool material at 20˚C, 500˚C, 700˚C and 900˚C for the strain rate of 510 -4 s -1
. Similarly the material constants are identified for the strain rate of 510 -3 s -1 . The identified material constants are summarised in Table 6 . Figures 7 and 8 show the comparison of the NLKH material model predictions (using the latter identified constants) with the experimental stabilized loops over the range of temperatures, for the strain-range of 510 -4 s -1 . The correlation for the 510 -3 s -1 case was of equivalent quality. The NLKH model is seen to work well for 20˚C and 500˚C but not so well for 700˚C and 900˚C, due to the increasing importance of viscoplastic effects above 500˚C.
Step 2 -Initial estimate of isotropic hardening constants: As described in [6] , the relationship representing isotropic hardening for the N th cycle is given by:
where Table 6 . Figure 10 shows the comparison of the combined material model predictions using identified constants at 20˚C, 500˚C and 700˚C.
Step 3 -Identification of creep constants and two-layer constant: The secondary creep constants A and n were identified by plotting experimental data from stress relaxation tests as Figure 11a shows the comparison of power law creep model and experimental stress relaxation at 700 and 900˚C. The identified power law creep constants for 700 and 900˚C are given in Table 7 . The user-specified ratio f from Equation 13 was identified by fitting and comparing the two-layer model with the experimental stress relaxation results, using the latter A and n values. Figure   11b shows the comparison of the two-layer model with the experimental stress relaxation at 700 and 900˚C. The identified f value is also given in Table 7 .
VALIDATION OF TWO-LAYER VISCOPLASTIC MODEL
Figures 12 to 14 show comparisons of the two-layer model, using the identified temperature-dependent constants, with the measured test data, for different strainrates and strain-ranges at 700 and 900˚C. The final, stabilized, isothermal predictions for 20˚C and 500˚C are shown in Figure 7 . Figure 15 shows the predicted and measured effect of strain-rate at 900˚C
where the predictions are from the two-layer model; the correlation for lower temperatures was of equivalent quality.
The two layer model was also applied to simulative thermo-mechanical fatigue (TMF) tests, designed to represent the temperature and stress-strain cycling associated with the most damaging phase of the SPF die cycle, based on thermo-mechanical analyses similar to those presented in [7] . Figure 16 shows the typical strain and temperature loading history used for the out-of-phase (OP) TMF tests (see Table 4 for TMF test details). The temperature is cycled between 750˚C and 900˚C with a 120 seconds strain hold in compression at 900˚C, representing the dwell period of the SPF forming cycle. Figure 14  The identified constants with the two-layer viscoplastic model gave excellent correlation with the cyclic stress-strain response of the material across a range of temperatures and successfully captured the effect of strain-rate.
 The ABAQUS aniothermal implementation of the two-layer model was also shown to successfully predict the measured anisothermal cyclic stress-strain response of the material.
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